Reconnaissance Studies directed by the NIWQP investigated 26 areas during 1986-95 (Engberg and others, 1998) . Nine of these areas were further studied through NIWQP Detailed Studies. The completed Detailed Studies identified five areas with problems of sufficient magnitude to require further study or remediation: This fact sheet presents information about selenium in two areas of the middle Green River basin: Stewart Lake Waterfowl Management Area (WMA), located adjacent to the Green River near Jensen, Utah; and Ashley Creek, which flows near Vernal and Naples, Utah, and discharges to the Green River immediately south of Stewart Lake WMA ( fig. 1 ). The pur-pose of this fact sheet is to summarize the scope of selenium contamination at each area and to discuss the progress toward reducing the concentration of selenium in water, bottom sediments, and biota at these important wetland and riparian habitats.
Elevated Concentrations of Selenium in Natural Waters are Related to Geology, Hydrology, and Climate
Selenium occurs naturally and is present in many sedimentary formations; however, it is often present in elevated amounts in marine formations of Tertiary and Cretaceous age and in soils derived from these formations (Seiler and others, 1999) . Natural precipitation and irrigation water that infiltrates through these geologic formations and soils can oxidize selenium to soluble selenate (SeO 4 2-) and, under proper hydrologic conditions, the mobilized selenium can be transported through irrigation drains and shallow ground-water movement and discharged to wildlife areas such as ponds, lakes, streams, and wetlands. In arid climates and terminal drainage basins, evaporation and transpiration can concentrate selenium in natural waters to toxic concentrations.
Studies indicate that adverse effects may occur in some fish and wildlife species when the concentration of total recoverable selenium in water is as small as 2 to 4 micrograms per liter (μg/L), which is equivalent to parts per billion, and when the concentration of selenium in sediment is greater than 4 micrograms per gram (μg/g) dry weight, which is equivalent to parts per million (U.S. Department of the Interior, 1998) ( fig. 2 ). Reproductive impairment in some species of fish can occur when the concentration of selenium in whole-body fish tissue reaches 4 to 6 (μg/g) dry weight (U.S. Department of the Interior, 1998).
Stewart Lake: An Important Resting and Nesting Area for Migratory Birds and Endangered Fish
Stewart Lake WMA covers more than 500 acres adjacent to the Green River ( fig. 1 ) and is an important part of the migratory bird flyway. The State of Utah set the area aside in 1936 primarily for waterfowl habitat, and it is currently managed by the Utah Division of Wildlife Resources (DWR). At least 209 species of birds inhabit the area; nearly half are migrants. Several species of waterfowl use the area in large numbers including coot (Fulica atra), mallard (Anas platyrhynchos), and gadwall (Anas strepera). The endangered whooping crane (Grus americana) has been spotted in the area. Historically, Stewart Lake has served as a backwater area for two species of endangered fish that occur in the Green River, the Colorado pikeminnow (Ptychocheilus lucius) and the razorback sucker (Xyrauchen texanus) (Stephens and Waddell, 1998) (fig. 3) . Stewart Lake has a water-surface area of about 300 acres ( fig. 4) . Ashley Creek and flood water from the Green River were the principal sources of water to the lake until 1981. Between 1981 and 1997, the primary sources of water to the lake were five subsurface irrigation drains from the agricultural area of Jensen, Utah. The drainage system services about 700 acres of irrigated farmland that is underlain by soils derived from the Cretaceous-age Mancos Shale, a geologic formation known to be seleniferous. Except for a short period of about one month each year and excluding water in shallow surface drains in the lake bed, Stewart Lake has been dry since 1997.
The Reconnaissance and Detailed Studies of the middle Green River basin showed that the median dissolved-selenium concentration in irrigation drainage discharging to Stewart Lake continually exceeded 5 μg/L and was as high as 140 μg/L (Stephens and others, 1988; Stephens and others, 1992) . Measurements of dissolved selenium and discharge at the irrigation drains and the outflow from Stewart Lake showed that 75 percent of the selenium load from the drains was retained in Stewart Lake, presumably in the bottom sediment and biota (Stephens and others, 1992) . Concentrations of total selenium in bottom-sediment samples collected in 1991 near the discharge points of the drains were as high 720 μg/g dry weight but declined to 4 to 7 μg/g near the outflow of Stewart Lake (Stephens and Waddell, 1998) . Elevated concentrations of selenium were measured in biota at Stewart Lake, which resulted in decreased nesting success by water birds and low benthic insect populations (benthic insects are an important food source in aquatic environments) (Stephens and others, 1992) .
Recent biological data collected by the USFWS from 1995 to 2000 showed that the median concentration of selenium in whole-body carp samples collected from Stewart Lake was 19.8 μg/g dry weight, and the median concentration in carp from nearby sites on the Green River was 6.4 μg/g dry weight (fig. 5, top) (Rowland and others, 2002) . The concentration of selenium in muscle plugs collected from four razorback suckers that were captured and released by the USFWS at Stewart Lake in June 1997 ranged from 12.1 to 21.5 μg/g dry weight (Rowland and others, 2002) .
As a result of the elevated concentrations of selenium measured in biota from Stewart Lake WMA, the State of Utah Health Department issued a health advisory on September 26, 1988, limiting human consumption of fish and waterfowl from the area. The elevated concentrations of selenium measured in water, bottom sediment, and biota, including endangered fish, at Stewart Lake prompted the NIWQP to initiate planning for remediation in 1997. The NIWQP assumed responsibility for remediation of Stewart Lake because the source of selenium was related to irrigation drainage from a DOI irrigation project.
Remediation of Selenium Contamination at Stewart Lake is Underway
Under the direction of the NIWQP and with the cooperation of all concerned parties, including the agricultural community, an environmental assessment was completed for the Stewart Lake area in September 1997 (Bureau of Rec- lamation, 1997). Following an initial evaluation of more than 80 possible alternatives, 8 were considered in detail. A two-phased approach was selected to restore the biological productivity of Stewart Lake WMA and to eliminate selenium hazards to waterfowl and endangered fish that use the area. Phase 1 activities were completed between 1997 and 1998. In May 1997, an inlet channel linking the eastern part of Stewart Lake to the Green River was constructed (fig. 4) . This was done to capture high flows that periodically occur on the Green River. To discourage waterfowl and fish from using Stewart Lake during remediation activities and to dry the bottom sediment, drainage channels were cut in the lake in October 1997. In November 1997 and June 1998, the subsurface irrigation drains that were the principal source of selenium to Stewart Lake were extended to the Green River where the selenium they carry is diluted to less than 1 μg/L (Stephens and Waddell, 1998) (fig. 6, top) . Phase 2 activities began in 1999 and included the installation of flowcontrol structures at the inlet and outlet of Stewart Lake. These structures are used to facilitate seasonal flooding of the lake with water from the Green River and will aid its future management ( fig. 6, bottom) . In addition, good-quality water (selenium concentration less than 2 μg/L) from Brush Creek was secured as a permanent water supply for the lake, and a pipeline to deliver the water was completed in 2001. One of the remaining tasks is to reduce the concentration of selenium in the bottom sediment at Stewart Lake.
To reduce the concentration of selenium in the sediment, Stewart Lake has been flooded with water from the Green River and immediately drained on an annual basis since 1997. The theory behind the flood and drain cycle is that elemental selenium and adsorbed selenium, in the form of selenite, are oxidized when the lake is drained. The oxidized selenium, in the form of selenate, is then dissolved in floodwater from the Green River and discharged to the Green River when the lake is drained. The annual flood cycle also should enhance the conversion of elemental selenium to methylated forms, which are gaseous and may be released to the atmosphere. The conversion of elemental selenium to methylated forms is a process mediated by certain types of plants, fungi, and bacteria (Frankenberger and Karlson, 1995) . The goal is to reduce the concentration of selenium in the upper layer of bottom sediment to 4 μg/g or less.
Ashley Creek is Tributary to the Green River and Provides Important Riparian Habitat for Wildlife
Ashley Creek drains Ashley Valley, near Vernal, Utah, and discharges to the Green River just south of Stewart Lake WMA ( fig. 1 ). Discharge in Ashley Creek varies seasonally and at site 09271550, near Stewart Lake, can range from 0.03 cubic foot per second (ft 3 /s) in late summer to 4,300 ft 3 /s during spring run off (Herbert and others, 2002, p. 84) . During 1992-2001, annual mean discharge in Ashley Creek at this site was 67.5 ft 3 /s (Herbert and others, 2002, p. 84) . Wetlands adjacent to Ashley Creek near U.S. Highway 40 provide considerable wildlife habitat, and the endangered razorback sucker and Colorado pikeminnow are known to inhabit the Green River near the mouth of Ashley Creek (Stephens and others, 1992) . In 1981, a sewage-lagoon system (Vernal sewage lagoons, fig. 1 ) was constructed on the hills east of Ashley Creek, which consist of Mancos Shale. This system of lagoons did not directly discharge treated wastewater to Ashley Creek; however, later study linked the Vernal sewage lagoons to elevated concentrations of selenium in Ashley Creek.
Selenium contamination in Ashley Creek was first documented during the Reconnaissance Study of the middle Green River basin (Stephens and others, 1988) , which reports that the concentration of selenium in water from the lower reach of the creek ranged from 25 to 75 μg/L and that the creek discharged 8 kilograms (kg) of selenium per day to the Green River. Synoptic sampling along Ashley Creek indicated that the area contributing the most selenium to the creek was immediately downgradient of the Vernal sewage lagoons ( fig. 1 ). Stephens and Waddell (1998) hypothesized that selenium-free water in the lagoons leaked from the facility, infiltrated through fractured Mancos Shale (mobilizing high concentrations of selenium), and discharged to Bottom: New inlet structure at Stewart Lake Waterfowl Management Area (looking toward the Green River).
Ashley Creek in seeps and shallow ground water. Stephens and Waddell (1998) estimated that 85 percent of the selenium load in Ashley Creek was a result of leakage from the lagoons.
Biota collected from Ashley Creek during the Reconnaissance and Detailed Studies had selenium concentrations that ranked among the highest measured in the middle Green River basin. The concentration of selenium in wholebody fish samples from four sites on Ashley Creek downgradient of the Vernal sewage lagoons ranged from 1.6 to 122 μg/g dry weight with a geometric mean of 32.7 μg/g (Stephens and Waddell, 1998) . The selenium load in Ashley Creek may account in part for the relatively high concentrations of selenium in carp collected from the Green River near the mouth of Ashley Creek. Data collected by the US-FWS during 1995-2000 showed that the median dry weight concentration of selenium in whole-body tissue samples of carp was 14.9 μg/g near the mouth of Ashley Creek (at site SA), 7.9 μg/g at site EB (upstream from site SA), and 3.4 μg/g at site SB (downstream from site SA) (Rowland and others, 2002) (fig. 5, bottom) .
The toxic concentrations of selenium measured in water and biota from Ashley Creek prompted the USFWS to urge the Ashley Valley Water and Sewer District, the Utah Department of Environmental Quality, and the U.S. Environmental Protection Agency to take action to prevent seepage from the lagoons from contaminating Ashley Creek (Stephens and Waddell, 1998) . The NIWQP was not asked to participate in the remediation of Ashley Creek because the source of selenium was not related to a DOI irrigation project; however, NIWQP scientists identified the selenium problem in Ashley Creek and helped to determine that the source of selenium in the creek was leakage from the Vernal sewage lagoons.
Ashley Creek Remediation Activities: From Sewage Lagoons to a Wastewater-Treatment Facility
In May 1999, construction began on a wastewater-treatment facility adjacent to the Vernal sewage lagoons (fig. 7) . The facility was operational in April 2001 and the sewage lagoons were decommissioned at that time. The new wastewater-treatment facility utilizes a sealed oxidation ditch containing activated sludge to break down organic matter. Wastewater is then passed through secondary clarifiers and an ultraviolet disinfection system before it is discharged to Ashley Creek. Wastewater and treated wastewater do not come in contact with the Mancos Shale, eliminating the potential for selenium contamination. The concentration of selenium in the effluent from the wastewater-treatment facility is monitored monthly. In 2001, the maximum concentration of selenium in the effluent was 2.8 μg/L and averaged 1.7 μg/L (Pryor Harrell, Ashley Valley Sewer Management Board, written commun., 2002). 
Evaluating the Success of Remediation at Stewart Lake WMA and Ashley Creek
The BOR collects bottom-sediment samples from numerous sites at Stewart Lake to evaluate the effectiveness of the flood and drain remediation cycle for removing selenium ( fig. 4) . As many as 10 samples from the top 6 inches of sediment at each site are composited and analyzed for total selenium before and after each flood (Rowland and others, 2002) . Post-flood bottom-sediment data for 1995 to 2001 show that the flood and drain cycle, which began in 1997, has not been effective for decreasing the concentration of selenium to the remediation goal of 4 μg/g or less ( fig. 8 ). The data also show that samples from sites near uncontrolled seepage in the north Stewart Lake area contain a higher concentration of selenium relative to samples from sites located in non-seepage areas (fig. 4) . The BOR is experimenting with soil amendments to enhance selenium removal during the flood and drain cycles and is planning a new drain to capture the seepage in the north Stewart Lake area.
To evaluate changes in water quality in Ashley Creek that may result from operation of the new wastewatertreatment facility and abandonment of the Vernal sewage lagoons, the USGS, in cooperation with the BOR, Colorado River Basin Salinity Control Program, installed continuous-monitoring stations upstream (site 09271400) and downstream (site 09271450) of the Vernal sewage lagoons in November 1999 ( fig. 1) . The stations monitor stage, specific conductance, and temperature. Water samples are collected at the monitoring stations nine times each year and analyzed for selenium and dissolved-solids concentration. In addition, several seeps and monitoring wells near the Vernal sewage lagoons are monitored.
Preliminary analysis of data collected through May 2002 shows that discharge from seeps near the sewage lagoons declined after the sewage lagoons were decommissioned. The selenium load discharged to the Green River through Ashley Creek declined by about 6 percent during the same period (David Naftz, U.S. Geological Survey, written commun., 2003). Monitoring will continue through September 2003.
The remediation goal of the NIWQP at Stewart Lake WMA is to reduce or eliminate the impacts of selenium to biota, which will help restore the lake and wetlands as part of the migratory bird corridor and restore critical habitat to fish species endemic to the Green River drainage. The goal of the State and Federal effort to remediate Ashley Creek is to reduce the salt load (including selenium) it delivers to the Green River. This will improve conditions in the Green River at the mouth of Ashley Creek and improve the riparian ecosystem on lower Ashley Creek. At Stewart Lake, efforts to reduce the concentration of selenium in sediment will continue with soil ammendment experiments, and the last major source of selenium will be diverted from the lake by a new irrigation drain. At Ashley Creek, ongoing monitoring will determine if the selenium load it carries will continue to decline as seepage from the decommissioned sewage lagoons decreases. 
